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GENERALL DISCUSSION 

Althoughh often asymptomatic, cytomegalovirus (CMV) infection can lead to serious 
clinicall complications and even death. Particularly in individuals who are 
immunocompromisedd or immunosuppressed, CMV reactivation or (re)infection can 
leadd to overt disease. CD8+ and CD4+ T cells are playing a key role in the defence 
againstt viral infections such as CMV. Progression to disease has therefore been 
suggestedd to be caused by a defective immune response such as dysfunction of T cells 
orr physical loss of virus-specific T cells. On the other hand, it has been hypothesised 
thatt a strong cellular immune response against CMV can also lead to pathology, 
characteristicc of CMV end-organ disease. In this thesis, we describe a number of 
studiess in which CMV-specific CD8+ and CD4+ T cell responses were analysed in 
detaill in the natural course of human immunodeficiency virus (HIV)-l infection, to 
identifyy immunological parameters that may determine why some patients progress to 
CMVV end-organ disease. To this end, HIV-1-infected individuals selected from the 
"Amsterdamm Cohort Studies on HIV-1 infection and AIDS among homosexual men", 
whoo either remain long-term asymptomatic, or progress to AIDS with or without 
CMVV end-organ disease were studied. 

Dysfunctionn of CMV-specific CD8+ T cells in terms of IFNy production despite a 
highlyy differentiated effector phenotype in progression to CMV end-organ 
disease e 
Sincee CD8+ T cells are important in defence against viral infections, we studied the 
CMV-specificc CD8+ T-cell response in terms of number, function, and phenotype, 
usingg HLA-A2 tetrameric molecules presenting the immunodominant NLVPMVATV 
epitopee to analyse CMV-specific CD8+ T cells in number. In terms of function, IFNy 
production,, after stimulation with peptide, or perforin and granzyme B double 
expressionn was used as a read-out. Staining with tetramers in combination with 
phenotypicc markers determined differentiation characteristics of these cells. We 
showedd that CMV-specific CD8+ T cells are abundantly present and increase during 
thee course of HIV infection in individuals progressing to AIDS with CMV end-organ 
diseasee (i.e. AIDS-CMV; chapter 2). This differs from observations in progressors to 
AIDS-relatedd non-Hodgkin lymphoma (AIDS-NHL) and progressors to AIDS where 
numberss of Epstein-Barr virus (EBV)-specific CD8+ T cells and HIV-specific CD8+ T 
cells,, respectively, remained stable during follow-up [1,2]. In general, CMV-specific 
CD8++ T cells were found in higher numbers compared to HIV- and EBV-specific 
CD8++ T cells (chapter 7). CMV-specific IFNy-producing CD8+ T-cell numbers were 
loww in individuals progressing to AIDS-CMV, suggesting that CMV end-organ 
diseasee is associated with dysfunction rather than physical loss of CMV-specific 
CD8++ T cells. Also, EBV- and HIV-specific CD8+ T cells were shown to become 
progressivelyy dysfunctional in progressors to AIDS-NHL and progressors to AIDS, 
respectively.. In contrast, EBV- and HIV-specific CD8+ T cells were also shown to 
havee an immature phenotype, whereas CMV-specific CD8+ T cells were observed to 
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bee highly differentiated effector T cells with lack of CD27 expression and high levels 
off perforin and granzyme B co-expression (chapters 2, 3, and 7; [3-6]). Even in 
progressorss to AIDS-CMV, perforin and granzyme B double expressing CD8+ T cells 
weree abundantly present, and were also shown to be fully differentiated CD45RO+~, 
CD2T,CD2T, CCR7" T cells (chapters 2 and 3). This suggests that the lack of IFNy 
productionn is not due to a block in maturation, and that, in contrast to EBV- and HIV-
specificc T cells [7,8], CMV end-organ disease develops in the face of highly 
differentiatedd CMV-specific effector CD8+ T cells. The observation that IFNy release 
andd perforin and granzyme B expression - both potentially powerful antiviral 
mechanismss - are not linked, has been reported previously [9,10]. With CMV being a 
typicall cytopathic virus [11], which have been reported to depend more on IFNy and 
TNFaa for control [12], the decreased IFNy-producing capacity of the CMV-specific 
CD8++ T cells may well play a crucial role in progression to CMV end-organ disease. 

Losss of CMV-specific cytokine-producing CD4+ T cells in progression to CMV 
end-organn disease 
CD4++ help seems to be important in different stages of the CD8+ T-cell immune 
responsee (reviewed in [13,14]). In parallel with CD8+ T-cell measurements, we 
analysedd the dynamics of CMV-specific IFNy-producing CD4+ T cells after 
stimulationn with CMV lysate (chapter 2). In HIV-infected individuals who progress to 
AIDSS with CMV end-organ disease, these cells were lost in the year before onset of 
clinicall disease, suggesting that CMV-specific IFNY+CD4+ T cells play an important 
rolee in protection from CMV-associated disease. The importance of these IFNy+CD4+ 

TT cells has also been shown in transplantation patients, where acute symptomatic 
CMV-associatedd disease was only observed in patients who lacked an IFNy+CD4+ T-
celll response [15,16]. Possibly, these cells could play a role in the observed 
dysfunctionn of CTL (in terms of IFNy), and in controlling CMV directly, through the 
antivirall effect of IFNy. To elucidate the role of CMV-specific CD4+ T cells further, 
wee continued to analyse the CD4+ T-cell response in terms of both IFNy and IL-2 
production,, proliferation, and phenotype of cytokine-producing CMV-specific CD4+ 

TT cells (chapter 5). Recent studies have described that HIV-specific IL-2-producing 
centrall memory (i.e. CCR7+CD45RA~) CD4+ T cells are associated with low load and 
long-termm non-progression towards AIDS [17] and recovered partly after prolonged 
antii retroviral therapy (ART) [18]. Furthermore, Zaph et al [19] have shown that 
LeishmaniaLeishmania major-speciüc IL-2-producing, central memory CD4+ T cells provided 
protectionn against disease in mice. The observed lack of CMV-specific IFNy and/or 
IL-2-producingg CD4+ T cells as well as their proliferative capacity during progression 
towardss AIDS-CMV points to the importance of these cells in protection from 
disease.. (Central) memory CD4+ T cells have been suggested to be IL-2-producing 
cellss with proliferative properties that are able to differentiate to IFNy-producing, 
effectorr (memory) CD4+ T cells that are less capable of proliferation. However, 
Hararii et al [20] have recently published a report describing that memory (i.e. the 
abilityy to mount an accentuated response to antigen re-encounter) antigen-specific 
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CD44 T cells express heterogeneity in both function and phenotype and depend 
stronglyy on antigen persistence and antigen load. In chronic CMV infection, memory 
CD4++ T cells were found to be of a mixed phenotype, namely both IFNy- and IL-2-
producingg subsets expressing CCR7+/~ CD45RA+/" phenotypes. This is in line with 
ourr observations that most CMV-specific CD4+ T cells produce IFNy and/or some IL-
2,, and express a CD45RO+CD2T phenotype as expected in infection with repetitive 
antigenn exposure. During progression to AIDS-CMV, these cells shifted towards a 
fullyy differentiated CD45ROXD27" "effector" phenotype, probably associated with 
antigenicc drive. 

Off course one can never exclude the possibility that these CMV-specific CD4+ 

TT cells have all migrated to the site(s) of infection. Moreover, it is highly likely that 
CMV-specificc CD4+ T cells do go to the site(s) of infection, to play a "helper" role, as 
welll as a direct role in controlling the virus. However, the absolute lack of CMV-
specificc cytokine-producing CD4+ T cells in progressors to CMV end-organ disease 
andd the active CMV replication with high levels of CMV load in PBMC, suggests that 
losss of CMV-specific CD4+ T cells plays an important role. 

CMV-specificc HLA-DR3 tetrameric molecules detect CMV-specific CD4+ T cells 
inn CMV infection 
Too measure CMV-specific CD4+ T cells directly ex vivo without in vitro 
manipulation,, we developed HLA-DR3 tetrameric molecules specific for a single 
epitope.. Using these novel MHC class II tetrameric molecules (chapter 4), we were 
ableable to detect CMV-specific CD4+ T cells in CMV-seropositive individuals in the 
contextt of HLA-DR3. One of our questions was whether, in individuals progressing 
too CMV end-organ disease, the CMV-specific CD4+ T cells were lost altogether, or 
whetherr they remained present but were rendered dysfunctional. Although we were 
ableable to detect HLA-DR3-restricted CMV-specific pp65 p511-522 CD4+ T cells early 
inn infection in a few individuals, in general numbers were low and difficult to detect. 
Specificc expansion was needed to confirm our direct ex vivo analyses. However, as 
proliferationn of CD4+ T cells is affected - especially in progressors to AIDS-CMV -
thiss complicates detection of CMV-specific CD4+ T cells using CMV-specific HLA-
DR33 tetrameric molecules, making it difficult to answer the question regarding 
depletionn or dysfunction with the current data. Future studies with additional epitopes, 
and/orr other clinical settings - or methods to overcome impaired proliferation - could 
circumventt the issue of potentially difficult staining of virus-specific CD4+ T cells 
withh class II tetrameric molecules, and provide an answer. 

CMVV load and CMV end-organ disease 
Duringg acute infection, for instance in transplantation patients, the virus multiplies 
andd CMV load can be detected in PBMC. T-cell immunity is induced and the viral 
loadd decreases to undetectable levels [15]. In chronically infected, healthy individuals, 
CMVV DNA levels in PBMC cannot be detected normally. In chronically infected 
transplantt recipients on immunosuppressive therapy, however, CMV load can be 
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detectedd during reactivation or re-infection [16]. To study what happens to the virus 
inn HIV-1-infected individuals, we measured CMV load levels in PBMC (chapter 2). 
Inn most HIV+ individuals, CMV load was not detectable at the time points we selected 
forr our longitudinal study. However, in progressors to AIDS-CMV, high CMV load 
wass detected in the year before onset of symptoms, indicating that CMV load can be 
usedd as a marker for progression to CMV end-organ disease. Indeed, it has been 
shownn previously that increased CMV load in plasma, whole blood or urine in 
advancedd HIV-1-infected patients was a reliable marker for progression to AIDS as 
welll as mortality, and that effective pre-emptive therapy against CMV could improve 
survivall chances [21-23]. 

Besidess CMV DNA levels in the blood, presence of CMV in the urine is a 
measuree for persistent viral replication. In chapter 6, HIV-1-infected paediatric 
patientss who are on highly active anti-retroviral therapy (HAART) were followed, 
andd a proportion of these patient showed CMV shedding in their urine. Shedding is an 
indicationn that these individuals are not as successful in controlling the virus 
comparedd to non-shedding patients. Similar to HIV-1-infected adults who progress to 
AIDS-CMVV (chapter 2), CMV-specific IFNy-producing CD8+ T cells were 
significantlyy lower in these HIV-1-infected CMV-shedding children compared to non-
sheddingg patients (chapter 6). IFNy-producing CD4+ T-cell numbers were lower in 
CMV-sheddingg patients but this was not significant. Still, the fact that CMV-shedding 
individualss apparently are not successful in controlling viral replication indicates that 
thesee CMV-shedding patients are at higher risk of developing CMV end-organ 
disease.. However, the patients are on HAART and the incidence of CMV end-organ 
diseasee in AIDS patients dropped dramatically since the introduction of HAART [24]. 
Komandurii et al [25] have shown an association between a decline in CMV-specific 
CD4++ T-cell frequencies and the inability to sustain high levels of CMV-specific 
CD8++ T cells in patients on potent combination antiretroviral therapy. Furthermore, 
patientss on HAART with a recurrence of CMV retinitis do not show reconstitution of 
CMV-specificc CD4+ T cells, although these might be restored after anti-CMV therapy 
[26-28]. . 

CMV-dependentt shaping of the cellular immune response 
CMVV infection somehow induces T cells to fully differentiate to effector T cells 
duringg progression to CMV end-organ disease (chapters 3 and 5). Moreover, a 
numberr of studies have suggested that CMV is also the driving force in shaping the T-
celll immune response in general [29,30]. These studies have shown that the CD8+ T-
celll population is enriched in effector CD8+ CD45RA+CD2r T cells [31], and the 
CD4++ T-cell subset in CD4+CD28" T cells [32]. We have shown that CMV shedding 
inn the urine is implicated in further enrichment (compared to healthy CMV-
seropositivee individuals) of the effector CD8+ T-cell pool in HIV-infected children 
(chapterr 6). In addition, in subjects progressing to CMV end-organ disease who have 
higherr occurrence of CMV-reactivation, also the CD4+ CD27TD28" T-cell pool is 
enlargedd (chapter 3). The first paper to associate changes in T-cell subsets with age 

134 4 



GeneralGeneral Discussion 

andd CMV status was published in 1999 [33,34]. Even though both age and CMV 
statuss influence the number of T cells, here they describe that increased numbers of 
CD4+CD28"" and CD8+CD28" T cells are primarily associated with CMV status, and 
onlyy secondarily with age. This is in line with the later studies, because CMV status 
influencess CD8+ and CD4+ T-cell subset outgrowth both in adults and children. How 
CMVV might shape the immune response is not clear yet. One explanation could be 
thatt the observed effect is due to large expansions of CMV-specific T cells, which 
expresss a relatively high differentiated phenotype. This highly differentiated 
phenotypee is indeed observed in CMV-specific T cells. However, the magnitude of 
thee observed effect makes it unlikely that CMV-specific T-cell expansions are solely 
responsiblee for the observed shaping of the immune response as a whole. Therefore, 
thee explanation that CMV drives a bystander effect as well, contributing to the 
observedd general outgrowth, is more likely. 

Pathogenesiss of CMV end-organ disease in HIV infection 
Basedd on the results presented in this thesis and current literature, one could propose 
thee following simplified model for CMV-related disease development in HIV 
infectionn (Figure 1). Infection with CMV in humans leads to persistent infection, 
usuallyy without symptomatic disease. After primary CMV infection, CMV may 
establishh latency but periodic reactivation is likely to occur. CMV reactivation or (re-) 
infectionn can lead to serious clinical complications, when it occurs in 
immunocompromisedd individuals. In HIV-infected individuals, especially in those 
whoo are progressing towards AIDS, CD4+ T-cell numbers decrease and their immune 
systemm appears to be chronically activated. CMV end-organ disease is a late-stage, 
AIDS-definingg event and generally occurs when CD4+ T-cell numbers are below 50 
CD4++ T cells/ul. In processors to AIDS-CMV, CMV-specific CD4+ T cells can be 
detectedd initially. Substantially higher numbers of CMV-specific CD4+ T cells 
producee much more IFNy with respect to IL-2 and some T cells produce both. The 
IFNy-producingg CMV-specific CD4+ T cells are mainly of the CD45RO+CD2T 
effectorr phenotype, in line with repetitive antigen exposure characteristic of CMV. 
Duringg progression to CMV end-organ disease, these IFNy-producing CD4+ T cells 
shiftt towards fully differentiated CD45RO CD2r "effector" T cells with lack of IL-2 
productionn and proliferative capacity. Antigenic drive by CMV and thereby 
exhaustionn of CMV-specific T cells might play an important role in HIV-infected 
individuals,, since immune activation and exhaustion in general is a characteristic of 
HIVV infection. Eventually the CMV-specific CD4+ T cells also fail to produce IFNy. 
Lackk of IL-2 may also play a role in causing insufficient help to sustain CMV-specific 
IFNy-producingg CD8+T cells, which decreased during progression to CMV end-organ 
disease.. The loss of these IFNy-producing CD8+ (and probably CD4+) T cells leads to 
losss of control and CMV dissemination, as reflected by increased CMV DNA levels 
inn PBMC. The many CMV-infected cells are prone to cell lysis not only because of 
thee cytopathic properties of CMV, but also due to the killing by perforin and 
granzymee B expressing CMV-specific CD8+ T cells that are detected in large 
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quantities.. This leads to the severe immunopathology, i.e. tissue destruction, 
characteristicc of CMV end-organ disease. 

C D 4 * T c e V ~ ~ \\ h 6 ^ ^ CDS-T cell 

7V\7V\ v /r\ 
Losss of control of CMV dissemination 

## #  * * 

# ^^ j S  s  CD8*Tcell 

'' * '!?' ' c t0d .cw. ,perfori n 

granzymee B | 

# l l l

Figur ee 1. Schemati c representatio n of CMV-relate d diseas e developmen t in HIV 
infection . . 

AA factor in progression to CMV end-organ disease that should not be excluded 
iss CMV itself. Differences in strains of the virus are likely to influence progression to 
disease.. CMV is a virus with a broad scala of immune evasion strategies. In theory the 
viruss has all the genes to be able to remain invisible to the immune system (e.g. MHC 
II and II down modulation, cytokine homologues such as IL-10). However, cellular 
immunityy does seem to play an important role in controlling infection and apparently, 
theree is a balance in healthy individuals between the virus and its host. 

Futuree studies 
Mostt studies, including research described in this thesis, have studied the immune 
responsee directed against pp65, the lower matrix protein of CMV. However, as CMV 
expressess many proteins at different stages during infection, responses to other 
proteinss may well play a role. For example, the immediate early antigen-1 (IE-1), 
anotherr protein of CMV, has been reported to play an additional role to pp65. 
Furthermore,, not many epitopes have been identified making the HLA-A2 
NLVPMVATVV T-cell response the most studied one to date. Nowadays, there are 
overlappingg peptide pools for both pp65 and IE-1. It is likely that more epitopes will 
bee identified through epitope mapping with these pools. Especially for CMV-specific 
CD4++ T-cell responses, more defined immunodominant epitopes should provide 
helpfull tools to better understand the complexity of the immune response. 
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Furthermore,, HLA-DR3 tetrameric molecules seem promising clinical tools 
thatt can be used to investigate HLA-DR3-restricted antigen-specific CD4+ T cells. 
MHCC class II tetrameric molecules offer another way to detect CD4+ T cells in for 
examplee infectious disease studies. With the identification of more HLA-restricted 
CD4-dependentt immunodominant T-cell epitopes, a greater number of epitope-
specificc class II tetrameric molecules can be developed to perform patient studies or 
vaccinationn trials in much more detail with inclusion of a more varied HLA-type. 
Finally,, since CMV-specific CD4+ T cells seem to play an important role in addition 
too CD8+ T cells in progression to CMV end-organ disease, these class II tetrameric 
moleculess could provide helpful tools in adoptive T-cell therapy, potentially allowing 
restorationn of deficient responses in for example immunocompromised individuals 
suchh as HIV-infected patients. 
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